The thermal conductivity measurements have been performed on the heavy-fermion compound YbRh2Si2 down to 0.04 K and under magnetic fields through a quantum critical point (QCP) at Bc = 0.66 T c-axis. In the limit as T → 0, we find that the Wiedemann-Franz law is satisfied within experimental error at the QCP despite the destruction of the standard signature of Fermi liquid. Our results place strong constraints on models that attempt to describe the nature of unconventional quantum criticality of YbRh2Si2.
The thermal conductivity measurements have been performed on the heavy-fermion compound YbRh2Si2 down to 0.04 K and under magnetic fields through a quantum critical point (QCP) at Bc = 0.66 T c-axis. In the limit as T → 0, we find that the Wiedemann-Franz law is satisfied within experimental error at the QCP despite the destruction of the standard signature of Fermi liquid. Our results place strong constraints on models that attempt to describe the nature of unconventional quantum criticality of YbRh2Si2. A quantum critical point (QCP) defines a second-order transition at zero temperature that is driven by external parameters, such as pressure, magnetic field, and chemical substitution [1] [2] [3] . Near the QCP, the Fermi liquid (FL) behavior is destroyed by diverging quantum fluctuations, and in consequence anomalous properties quoted as non-Fermi liquid (NFL) behaviors show up. Given that a number of intriguing phenomena, e.g., unconventional superconductivity [4] , exotic electronic states [5] , and nontrivial spin states [6] , are found in the vicinity of the QCP, it is essential to understand the nature of the quantum criticality.
A key element in the debate about the quantum criticality in heavy fermion metals is concerning whether the quantum critical physics can be understood by the conventional spin-fluctuation theories [7] [8] [9] , or whether a new framework, invoking the critical breakdown of the Kondo effect at the QCP is required [10, 11] . A major difference of the two scenarios relies on quite different fates for the FL state. In the conventional scenario [7] [8] [9] , fluctuations are concentrated at hot spots on the Fermi surface (FS), so that the FL state is retained on part of the FS at the QCP. In the Kondo breakdown scenario [10, 11] , by contrast, fluctuations are thought to cover the entire FS, leading to a strong breakdown of the quasiparticle picture [10, 11] . What is desperately needed for differentiating between the two scenarios is therefore to conclusively determine whether the heavy quasiparticles survive at the QCP.
A crucial test of this issue is a verification of the Wiedemann-Franz law at the QCP, which states that the ratio of the thermal conductivity κ to the electrical conductivity σ is a universal constant in the T → 0 limit:
WΩ/K 2 is the Sommerfeld value. A violation of this law would imply a profound breakdown of the FL theory [12] [13] [14] [15] . Experimentally, however, the Wiedemann-Franz law appears to be universal as T → 0 and no material has been reported to violate this law up to date. (We note that a deviation from the Wiedemann-Franz law has been reported in CeCoIn 5 [16] as we will discuss later).
In the Letter, we have chosen to study the WiedemannFranz law in YbRh 2 Si 2 , a tetragonal heavy fermion compound [17] . YbRh 2 Si 2 has provided a rare opportunity to probe the electronic properties near the QCP by using the magnetic field B as a tuning parameter. The very weak antiferromagnetic (AF) order (T N ∼ 0.07 K) is suppressed by a small magnetic field (B c = 0.66 T c-axis), giving rise to the NFL behaviors characterized by a divergence in transport and thermodynamic quantities [18] . These anomalous critical phenomena, which do not follow the conventional theories, have been interpreted as observing the breakup of the quasiparticles at the QCP [11, 19] . According to this interpretation, one would speculate a violation of the Wiedemann-Franz law in YbRh 2 Si 2 . Indeed, several theories of the unconventional quantum criticality predict that it may be violated at the QCP [12] [13] [14] [15] . Furthermore, a new temperature scale of T * has been identified in the T -B phase diagram. Across this scale, the Hall coefficient exhibits a substantial change as a function of the magnetic field as a possible signature of a breakdown of the Kondo effect at the QCP involving an abrupt change of the FS volume [20] . To test such a scenario, we have performed a set of thermal and charge conductivity measurements on YbRh 2 Si 2 , which demonstrate a verification of the Wiedemann-Franz law in the limit as T → 0 at the QCP, implying that there is no breakdown of the quasiparticles.
A high quality single crystal of YbRh 2 Si 2 with low residual resistivity ρ 0 ≈ 0.9 µΩcm and a high residual resistivity ratio ∼ 90 was prepared using the indium flux [21] . The thermal conductivity κ was measured by employing the one-heater-two-thermometers steady-state method in a dilution refrigerator. The heat current q was injected parallel to the ab-plane, and the magnetic field B was applied parallel to the c-axis on the sample with a size of 1.6 × 2.2 × 0.05 mm 3 . The thermal contacts with resistance of ≤10 mΩ at room temperature were made by using a spot welding technique. The same contacts were used to measure the resistivity ρ by a standard four-contact method. We note that ρ 0 of our sample is lower than the one (ρ 0 ≈ 1.5 µΩcm) of the previous re- port with B ab [22] , which provides good condition for enhancing the electronic contributions with respect to an additional contribution, such as magnon. Figure 1 displays the temperature dependence of the thermal conductivity divided by temperature κ(T )/T at various magnetic fields. Here, we note that the phonon contribution to the measured κ is negligible within the temperature range of interest, which is estimated to be at most ≈ 0.2 % of κ at 0.1 K via the phonon specific heat [23] with an assumption of boundary scattering limited conduction. Under zero field, we find a remarkable upturn in κ(T )/T below the Néel ordering temperature T N ≈ 0.07 K. At 0.5 T, T N is reduced to ∼ 0.05 K, and it entirely disappears at the critical field B c = 0.66 T (the upper inset of Fig. 1) . Even above B c , κ(T )/T shows a steep increase down to the lowest temperature, but it is less sensitive to the fields up to 3 T. A FL-like saturation behavior is eventually observed below about 0.06 K at 5 T. The lower inset shows the field dependence of κ(B)/T measured at 0.051 K. We find a rapid decrease of κ(B)/T up to B c , indicating that the Néel ordering is indeed suppressed right at B c . Figure 2 shows the temperature dependence of the heat resistivity w(T ) = L 0 (T /κ) and the charge resistivity ρ(T ) at (a) B c = 0.66 T and 1 T, (b) 0 T, and (c) 5 T, respectively. First of all, one may immediately notice that w(T ) is larger than ρ(T ) in a wide temperature and field range, indicating that w is more strongly influenced by the scattering than ρ. This is due to an excess scattering process affecting only the heat conduction, in which the energy of the conduction electron is changed. A source of inelastic scattering is possibly magnetic fluctuations enhanced by the proximity to the QCP. On cooling at B = 0 T, ρ(T ) linearly decreases with temperature down to ∼ 0.1 K and substantially drops at T N . A sharp decrease is also observed in w(T ) at T N followed by a T -linear dependence above ∼ 0.1 K. At temperatures well below T N , w(T ) becomes less than ρ(T ), indicating the presence of extra heat carrier which may attribute to antiferomagnetic magnons as concluded in the previous report [22] .
In the quantum critical regime, at B = B c , ρ(T ) varies T -linearly below 0.12 K down to the lowest temperature. w(T ) also exhibits the linear T -dependence, but in the limited temperature range (∼ 0.1 K < T < ∼ 0.2 K), and shows a downturn below ∼ 0.1 K as it becomes closer to ρ(T ) to satisfy the Wiedemann-Franz law. The downturn was also observed in the previous report, but it was attributed to overdamped magnons which exist for antiferromagnetically ordered materials substantially above T N [22] . With this interpretation, the lowtemperature part of w(T ) below the downturn was excluded from the analysis, and a residual value w 0 was determined by the linear extrapolation of high-temperature w(T ). This gives rise to a discrepancy between w 0 and ρ 0 (ρ 0 < w 0 ), leading a violation of the Wiedemann-Franz law (L/L 0 ≈ 0.9) [22] . We should emphasize that this conclusion is problematic in the analysis of w(T ) because 1) the discrepancy (ρ 0 < w 0 ) is a natural consequence as w 0 is obtained by a fitting to the high-temperature data where heat carriers are subject to strong inelastic scattering, 2) the downturn does not originate from the magnons because a similar feature is found even away from the antiferromagnetic phase; w(T ) also exhibits the downturn at 1 T as shown in Fig. 2(a) , where the system becomes FL below ∼ 0.05 K [18] . 3) if the magnon contribution is the case, w(T ) should rise to hold L/L 0 ≈ 0.9 at low temperatures since the magnetic contribution will vanish in the T = 0 limit. Clearly, there is no such behavior in our data as well as in the previous one [22] . We stress that the behavior of w(T ) found at B c is the same as the previous one [22] irrespective of the difference in the applied field directions, and the main questionable point is the analysis. Rather, the downturn can be interpreted as the contribution of purely electronic excitations as we will discuss in more detail. On the basis of these considerations, the downturn is seriously taken into account for our analysis. By assuming the T -linear dependence of w(T ) below about 0.07 K, both w(T ) and ρ(T ) are extrapolated to T = 0 as denoted by the dashed lines. Remarkably, the two lines converge at T = 0, i.e., L/L 0 = ρ 0 /w 0 = 1, leading a verification of the Wiedemann-Franz law at the QCP.
In the FL state at B = 5 T, both w(T ) and ρ(T ) distinctly display the T 2 dependence (Fig. 2(c) ). The extrapolations denoted by the dashed lines show that w 0 = ρ 0 at T = 0. The upper limit of ρ(T ) ∝ T 2 defined as an energy scale of the FL, T FL is denoted by an arrow. Using the extrapolated values w 0 and ρ 0 , the field variation of the Lorenz ratio L/L 0 = ρ 0 /w 0 in the zero temperature limit is given in Fig. 4 for B ≥ B c . It can be clearly seen that L/L 0 is unity within the experimental error for B ≥ B c , indicating that the Wiedemann-Franz law is obeyed not only in the FL state but also at the QCP.
Next, to shed light on the effect of the critical fluctuations influence on the quasiparticle scattering, we focus on the Lorenz ratio L(T )/L 0 = ρ(T )(κ(T )/T )/L 0 at finite temperature. Figure 3 shows the temperature variation of L(T )/L 0 under several fields. At B = B c , L(T )/L 0 broadly peaks around 0.3 K, and then takes a distinct minimum at T min ≈ 0.095 K (upward arrow) below which L(T )/L 0 starts to rapidly rise upon cooling. The maximum temperature roughly corresponds to a lower bound of T -linear ρ observed at high temperature [24] . In addition, below 0.3 K the magnetic susceptibility follows a Curie-Weiss law and the electronic specific heat deviates from the logarithmic behavior [19, 24] . While the reason is unclear, the maximum is not clearly seen in the previous report with B ab [22] . It is interesting to note that a similar upturn of L(T )/L 0 was observed in CeCoIn 5 with q ab near the QCP, in which L(T )/L 0 rapidly increases to one, and thus the Wiedemann-Franz law was verified [25, 26] . The onset of the upturn was referred to T QP as a characteristic energy scale below which well-defined quasiparticles are formed, even though the standard FL behavior is absent; both w(T ) and ρ(T ) follow T 1.5 dependence below T QP [25] . By analogy to CeCoIn 5 , for YbRh 2 Si 2 one can view the upturn of L(T )/L 0 below T min as a signature of formation of well-defined quasiparticles, not due to the magnon contributions.
By increasing the field, L(T )/L 0 exhibits the following striking features: 1) T min shifts to higher temperatures, 2) the width of the minimum becomes broader, 3) the slope of L(T )/L 0 below T min gradually decreases, but 4) eventually L(T )/L 0 reaches one above 3 T within the measured temperature range. This systematic increase of L(T )/L 0 below T min towards unity by varying the fields further supports the notion that the Wiedemann-Franz law is obeyed at the QCP. The field variations of T min together with T N and T FL derived from ρ(T ) are summarized in the inset of Fig. 3 . Note that the determined values of T N and T FL reproduce those of the previous report [18] , represented by the open symbols. It is well demonstrated that at high fields B ≥ 1.5 T, T min coincides with T FL . However, as we approach the QCP, T min deviates from T FL and remains finite, while T FL vanishes, as similarly observed in CeCoIn 5 [25] , suggesting that the quasiparticles remain intact at the QCP.
Finally, we turn to the field evolution of the Lorentz ratio L(B)/L 0 . Figure 4 shows a L(B)/L 0 versus B − B c plot derived from Fig. 3 at finite temperatures and from the extrapolated T = 0 values in Fig. 2 . It is clearly seen that at high fields for B ≫ B c , L(B)/L 0 rapidly rises to one with lowering temperature, whereas on approaching the QCP it becomes significantly reduced even at 0.042 K due to the strong inelastic scattering from the critical fluctuations. In the limit of T = 0, however, L(B)/L 0 becomes one within the experimental error under the whole measured field for B ≥ B c . Again, this systematic evolution of L(B)/L 0 further supports the verification of the Wiedemann-Franz law at the QCP.
To date, experimental tests of the Wiedemann-Franz law at or near a QCP have been carried out for CeCoIn 5 [16, 25, 26] , CeNi 2 Ge 2 [27] , and Sr 3 Ru 2 O 7 [28] . For the later two systems, the law was well verified within experimental accuracy. In CeCoIn 5 , however, a violation of the law was argued depending on the heat current directions as a possible signature of anisotropic destruction of the Fermi surface [16] . Our results of the verification of the Wiedemann-Franz law at the field-tuned QCP of YbRh 2 Si 2 rigorously points to no breakdown of the quasiparticle. In addition, there are no additional fermionic carriers of heat other than those which carry charge e. This finding is obviously in contradiction to the Kondo breakdown scenario predicting the breakdown of the FL theory [10, 11] and the upward violation of the Wiedemann-Franz law due to an existence of additional entropy carriers (spinons) [15] . Instead, our results suggest that the quantum criticality of YbRh 2 Si 2 can be described in the framework of a quasiparticle model, such as quantum tricriticality scenario [29] or a model of Zeemandriven Lifshitz transition [30] .
In conclusion, we have presented a set of thermal and charge conductivity data down to a very low temperature on the heavy-fermion compound YbRh 2 Si 2 . At finite temperature, we find the significant downward deviation from the Wiedemann-Franz law in the vicinity of the QCP, reflecting a dominant inelastic scattering contribution to the thermal conductivity. In the limit T → 0, however, the Wiedemann-Franz law is found to be satisfied within experimental error at the QCP. This finding explicitly points to no breakdown of the quasiparticle picture in YbRh 2 Si 2 , incompatible with the Kondo breakdown scenario.
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